The calyx of Held is probably the largest synaptic terminal in the brain, forming a unique one-to-one connection in the auditory ventral brainstem. During early development, calyces have many collaterals, whose function is unknown. Using electrophysiological recordings and fast-calcium imaging in brain slices, we demonstrate that these collaterals are involved in synaptic transmission. We show evidence that the collaterals are pruned and that the pruning already begins 1 week before the onset of hearing. Using two-photon microscopy to image the calyx of Held in neonate rats, we report evidence that both axons and nascent calyces are structurally dynamic, showing the formation, elimination, extension, or retraction of up to 65% of their collaterals within 1 hour. The observed dynamic behavior of axons may add flexibility in the choice of postsynaptic partners and thereby contribute to ensuring that each principal cell eventually is contacted by a single calyx of Held.
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auditory system ͉ medial nucleus of the trapezoid body ͉ two-photon imaging ͉ structural plasticity ͉ axon collateral S tudying the formation of individual, identified synapses in the CNS presents a formidable challenge because of their small size, their incredibly high density, and their protracted formation period (1) . Imaging studies in living animals have provided insights into the structural changes that presynaptic axons undergo during development, which complements our understanding of how specific brain connections form (2) . An emerging view from these studies is that axonal dynamics are age-and cell type-dependent (3) and strongly correlated with the formation of synaptic contacts, which may ultimately guide the growth of the axonal arbor (2, (4) (5) (6) .
Here, we study the development of a CNS synapse that can be identified relatively easily because it is probably the largest synaptic contact in the mammalian brain (7) . The calyx of Held connects the globular bushy cells of the anteroventral cochlear nucleus and the principal cells of the medial nucleus of the trapezoid body (MNTB) in the brainstem. Studies in rodents have shown that shortly before birth, the principal cells of the MNTB are innervated by small glutamatergic boutons (8) . Morphological and functional identification of nascent calyces is possible between postnatal days 3 and 5 (8) (9) (10) , which suggests that the characteristic one-to-one innervation observed in mature animals is achieved very rapidly (10) . However, previous studies have not been able to study the dynamic aspects of the calyx of Held development.
As a first step toward elucidating the cellular mechanisms that ensure that each MNTB principal cell is always innervated by only a single calyx of Held, we sought an imaging approach. Because it has not been possible to study this unique synapse in culture, we carried out studies in vivo. We developed a surgical procedure to label brainstem axons in anesthetized rat pups and imaged them with a two-photon microscope. Using this approach, we provide evidence of structural dynamics related to the development of the calyx of Held synapse. In combination with electrophysiological and optical recordings in brain slices, neuronal tracing, and immunohistochemistry we show that single axons in the MNTB can innervate multiple postsynaptic cells through the collaterals of the calyx of Held.
Results

Relation Between Large Axosomatic Contacts and Synaptic Clusters.
Brainstem sections containing the MNTB at different postnatal ages were stained immunohistochemically for VGLUT, a presynaptic marker of excitatory synapses, and analyzed by using fluorescence microscopy ( Fig. 1) . At postnatal day 2 (P2) and younger ages, punctate labeling was observed both in the neuropil and around cell bodies in the MNTB. At P3 and beyond, large perisomatic presynaptic clusters (LPCs) of VGLUT staining were present ( Fig. 1 A and B) . The fraction of cells surrounded by LPCs increased with age. In the medial part of the MNTB, the increase was more rapid than in the lateral part (t test, P Ͻ 0.001; two animals per age and at least two images per animal; Fig. 1C ). We examined the relationship between the synaptic marker staining and axonal morphology by prelabeling the axons with a fluorescent tracer. At P3, large axosomatic contacts were observed, which stained positive for VGLUT, but only 30% of these contacts showed an LPC (Fig. 1B , compare Left and Center, and D). In control P8 sections, the majority of large terminals could be associated with an LPC (Fig. 1B , Right, and D). Therefore, it is unlikely that the fluorescent tracer interfered with the immunohistochemical marking of the presynaptic clusters at P3. Next, we used image segmentation and colocalization procedures to estimate the density and size of VGLUT clusters within labeled axons [see supporting information (SI) Materials and Methods]. This analysis showed only modest differences between axons at ages P1 and P3 ( Fig. 1 E and  F) . In contrast, the relative volume of VGLUT clusters associated with large axosomatic contacts at P3 was clearly larger (Fig.  1F) . Overall, these results suggest that most large axosomatic contacts take at most 1 day to form but that the packing of these early calyces with synaptic glutamatergic vesicles generally takes several days.
Measurement of Synaptic Responses in Principal Cells During the
Period of Calyx Formation. Examination of labeled tissue at P3 showed the presence of relatively small presynaptic clusters outside the large axosomatic contact area (Fig. 1B, Center) , suggesting that synaptic terminals from nonlabeled axons were also contacting these postsynaptic cells. Therefore, we examined the possibility that principal cells receive synaptic inputs from multiple axons at ages P2-3. We made whole-cell recordings of principal cells in slices in which trapezoidal axons were prelabeled with a fluorescent tracer (see Fig. S1 ). In these experiments, excitatory postsynaptic currents (EPSCs) were evoked by electrical stimulation at the midline. Despite the prominent presence of delayed release (11) , it was clear that the average amplitude increased with increasing stimulus intensity (n ϭ 10 of a total of 10 cells; Fig. 2 ). Together with our histological analysis (see Fig. S1 ), the data are consistent with the recruitment of multiple axons with distinct activation thresholds. We conclude that during early postnatal development, MNTB cells receive small-amplitude glutamatergic contacts from multiple axons.
In Vivo Imaging of Axons and Synaptic Terminals in the MNTB of
Neonate Rats. We used two-photon microscopy to image axons that had been prelabeled by injecting a fluorescent tracer in anesthetized rat pups (Fig. 3) . In these acute experiments, we were able to visualize several individual axons, confirming the presence of calyx-like structures at P3 (Fig. 3 A and B) . Retro- spective analysis confirmed that these structures were large axosomatic contacts located in the MNTB (see Fig. S2 ). Next, we reconstructed the trajectory of Ͼ100 axons in two-photon image stacks and measured the length and density of all visible extensions per axon (total measured axon length, 30 mm; average axon segment, 200 Ϯ 10 m, n ϭ 12 rats). Cumulative histogram analysis of the length and number of axonal extensions suggested that during the 1 st days of postnatal life, axons grow both by adding and by extending collaterals (Fig. 3 C and D) .
To study the dynamics of axon collateral growth, we carried out time lapse experiments in different animals between ages P1 and P3. A striking feature of the data was the dynamics of the axons. Whereas the average increase in the length of the collaterals between P0 and P3 was Ͻ10 m per day, only approximately one-third of the axons were stable within the observation period of 1 h. Some collaterals formed from axonal shafts by interstitial growth (3), whereas others extended, retracted or disappeared, within a time frame of minutes (Fig. 4  A-C) . To quantify and compare the structural changes in a larger sample of imaged axons across different ages, we plotted the initial length of a total of 301 individual axon collaterals against their corresponding length 1 h later (Fig. 4G) . Using conservative criteria to score for changes in collateral length (see SI Materials and Methods), we identified five categories of axon collaterals: stable, added, lost, extended, and retracted (4) .
The dynamics of the axons were age-dependent. P1 appears to be a period of expansion, with 21% of axons added and 24% extended, and only 3% lost and 14% retracted (see Table S1 ). At P2 and P3, close before and during the formation of calyx-type synapses, a large fraction of collaterals were either added or lost (P2: 24% added, 32% lost; P3: 25% added, 15% lost), with fewer collaterals changing their length (P2: 7% extended, 8% retracted; P3: 10% extended, 20% retracted). The calyx of Held collaterals were also dynamic at P3 (Fig. 4 D-F) . Although the percentage of calyx collaterals that were added or lost within the 1-h observation period was smaller than of axon collaterals at the same age (14% added, 11% lost), the fraction of collaterals changing their length was similar to the situation at P1 (26% extended, 15% retracted).
The average length of the collaterals that formed or disappeared was typically much smaller than the collaterals that were in the stable, extended, or retracted category, except for P2, where relatively short collaterals were observed (see Table S2 ). In summary, these data show that axon and calyx of Held collaterals form interstitially and that a majority of the collaterals exhibit different levels of turnover (addition and loss) and motility (extension and To test whether calyx of Held collaterals make functional synaptic contacts, we carried out paired patch clamp recordings in brain slices between a presynaptic terminal and an off-target MNTB cell. Presynaptic action potentials triggered small, short-latency EPSCs (Fig. 5 A  and B) . In these experiments, we were able to confirm a morphological apposition between the calyx of Held collateral and the dendrite of the postsynaptic cell (n ϭ 3 connected pairs of 11 paired recordings at P4; Fig. 5B, Inset) . In two experiments, the slice was fixed, resectioned, and processed for VGLUT immunohistochemistry. Doing so confirmed the presence of an LPC in the recorded terminal and demonstrated that smaller, punctate presynaptic clusters can originate from calyx of Held collaterals (see Fig. S3 ). Interestingly, the MNTB cells did not generally show an LPC in connected pairs, although examples of cells with an LPC were observed in nonconnected pairs.
To determine whether MNTB cells with a calyceal input also received smaller inputs, possibly from collaterals of another calyx of Held, we tested the response of principal cells to afferent stimulation in slices at P4. These experiments indicated that MNTB cells with a large input also received short-latency, smaller-amplitude inputs (see Fig. S4 ).
Finally, we carried out experiments in which we loaded calyx terminals with the calcium dye Oregon green BAPTA-1. We then triggered a sequence of four action potentials at 100 Hz by current injection via the patch pipette while measuring fluorescence by rapidly scanning along a line through both calyx and its collaterals. Action potential-evoked calcium transients were observed in 31 of a total of 41 collaterals from 14 calyces (seven animals, ranging from P5 to P8). Calcium transient amplitudes in collaterals ranged from 15 to 100% ⌬F/F 0 and were generally somewhat smaller than the calcium transient evoked simultaneously in the calyx, where the average response ranged from 25 to 125% ⌬F/F 0 . In some cases, collateral transients were localized to thickenings (Fig. 5 C and D) . Interestingly, although their time course generally matched the time course of the calcium transients evoked simultaneously in the calyx, both the time course and the amplitudes of the calcium transients varied considerably, not only within a single collateral (Fig. 5D ) but also within one calyx (data not shown). We conclude that many calyx of Held collaterals can make functional contacts with off-target principal cells and that voltage-dependent local increases in calcium are available to support chemical transmission in these structures.
Time Course of Pruning of the Calyx of Held Collaterals. The calyx of Held undergoes a dramatic functional and structural transformation between the 2nd and 3rd postnatal weeks (9, 12, 13) . To evaluate the stereotypical pruning of the calyx of Held collaterals, we injected fluorescent tracers in brain slices to label axons in the MNTB between postnatal ages P3 and P16. We then imaged labeled calyces and traced the collaterals to determine the age-dependent changes in length and number of collaterals. Both collateral length and number decreased with age (Fig. 6) . Collateral length showed a gradual decrease, whereas collateral number showed more abrupt changes between P12 and 13 and between P13 and 16. These data show that a decrease in collateral length already begins at P4, 1 week before the onset of hearing, which in the rat takes place ϷP10-12 (14) but continues afterward. Based on the electrophysiological, optical, and morphological data, we conclude that pruning of the calyx of Held collaterals results in the elimination of synapses in the MNTB.
Discussion
In this work, we show that it is possible to perform in vivo two-photon imaging of developing axons in the mammalian brainstem. In combination with immunohistochemistry and cell physiology, we show evidence that the development of the calyx of Held synapse consists of two stages. In the first 3 postnatal days, a surprisingly high level of collateral dynamics in both axons and nascent synaptic terminals was observed, and principal cells received synaptic inputs from multiple axons. During this period, formation of a calyx synapse took place on the majority of principal cells at P3. In the second phase, which continued at least until the onset of hearing, large presynaptic clusters of VGLUT-positive vesicles appeared, and the calyx of Held collaterals gradually disappeared, although we showed that during this period collaterals of nascent calyces were able to sustain synaptic transmission with other MNTB cells.
Comparison with Previous Studies. We find that the calyx of Held largely forms around P3 but that there is a much slower phase of refinement during which the calyceal collaterals gradually disappear. To the extent that a comparison is possible, this time course matches earlier experiments performed in rat, cat, mouse, or gerbil (8) (9) (10) 15) , suggesting that the development of this synapse is highly conserved across species. The essential steps are happening largely before the onset of hearing, supporting the view that sensory activity does not play a major role in the formation of this synapse (10, 16, 17) . The formation of the large presynaptic clusters of glutamatergic vesicles was also surprisingly slow. Although we did not directly correlate these stainings with synaptic transmission, our data suggest that one should be cautious in using the amplitude of postsynaptic currents to identify calyceal inputs (10, 18, 19) , without additional criteria such as immunohistochemistry or the presence of a prespike.
Origin and Functional Properties of the Calyceal Collaterals. The calyceal collaterals were already identified in the first Golgi studies (20) , but it was unknown what their functional significance was and whether they formed before or after the calyx. We present evidence from immunohistochemistry, calcium imaging, and electrophysiology that the calyceal collaterals can innervate adjacent principal cells. Using in vivo two-photon imaging, we could directly observe the addition of new calyceal collaterals. The emergence of collaterals from the calyx of Held is in agreement with what has been observed at the frog neuromuscular junction, where differentiated presynaptic sites are hot spots for the emergence of new branches (4) . Interestingly, the turnover of calyx of Held collaterals showed a balance between additions and losses that was not present in axon collaterals at the same age. Studies in cultured neurons (21, 22) and in living animals (5, 6, 23, 24) have shown a link between branch dynamics and the presence and strength of synaptic terminals. Therefore, it is tempting to speculate that the calyx of Held could stabilize the axonal arbor. We obtained indirect evidence that some calyceal collaterals formed already before the calyx. We showed that MNTB principal cells receive multiple inputs at P2-3 and that principal cells receive small-and large-amplitude inputs at P4. The small inputs differed from the noncalyceal inputs described (10, 25, 26) because their threshold differed only slightly from the larger inputs and they typically had short latency and fast rise times. A parsimonious interpretation of these findings is that some calyx of Held collaterals are remnants of the initially divergent innervation of principal cells by afferent axons.
How Does Each Principal Cell End Up with a Single Calyx of Held?
We observed that the postnatal axons that ultimately form the calyx of Held are very dynamic, suggesting that they are actively exploring the local environment. With the 1-h sampling period, we may have even underestimated the dynamics (27) . It is tempting to speculate that the dynamic behavior of these axons and synaptic terminals increases the number of principal cells that are contacted by each axon and thereby increases the flexibility and reliability of the mechanism that ensures the one-to-one innervation of this auditory pathway. The mechanisms that favor the formation of a calyx of Held from its axonal precursors are independent of sensory function. They deserve further study, and we expect that the in vivo imaging approach that we present here will help toward the further elucidation of the different steps involved in the formation of this synapse.
Materials and Methods
Rats. Wistar rats were purchased from Harlan and housed at the Erasmus MC facilities. The litters used in this work were born from timed pregnancies, taking the day of birth as P0. Experiments complied with institutional and international guidelines for the use of laboratory animals.
Immunohistochemistry. VGLUT immunohistochemistry was performed as described (ref. 28 and SI Materials and Methods).
Multispectral Laser-Scanning Microscopy. Confocal imaging was performed as described (ref. 29 
and SI Materials and Methods).
Surgery and Tracer Injections. Neonate (P0 -3) rat pups were anesthetized with isoflurane (2%, 1 liter of O2 per min Ϫ1 ), supine-positioned on top of a homeothermic blanket heated to 36 -37°C (FHC, Inc.) and secured to a custom-made head holder. After skin retraction, fat and muscle layers overlying the trachea were bluntly removed. Animals were tracheotomized, intubated, and mechanically ventilated using a MiniVent type 845 mouse ventilator (80 breaths per min Ϫ1 , 60 l; Hugo-Sachs Elektronik). At this point, anesthesia was reduced to 1.5% and carefully monitored on the basis of pedal reflexes or signs of distress. A small craniotomy (3 ϫ 2 mm) was drilled above the basilar artery where the anterior inferior cerebellar artery branches, and the dura was opened and retracted. Broken borosilicate glass micropipettes (tip 10 -20 m) were filled with a 10% solution of Alexa Fluor 568 -dextran amine tracer (Invitrogen) initially diluted in 0.4 M KCl, but in later experiments in 0.5 M NaCl. Tracer-filled electrodes were positioned next to the basilar artery Ϸ300 Ϯ 50 m rostral to the anterior inferior cerebellar artery by using a micromanipulator under visual control. Iontophoretic injections of tracer were delivered at a depth of 100 -200 m with continuous 0.25-s pulses of positive current (0.5 A) applied through a customized pipette holder at Ϸ2 Hz for 15 s. After tracer injection, the craniotomy was irrigated every 15 min for 1-2 h with 0.9% saline solution until the start of the imaging session. Subsequent histological analysis confirmed that these injections were correctly targeted to the caudal pole of the MNTB (Fig. S2) .
Two-Photon Imaging and Analysis. In vivo imaging was performed with a custom-built two-photon laser-scanning microscope. Excitation at 800 nm was done with a Ti:sapphire MIRA 900 laser pumped by a 5-W Verdi laser (Coherent, Inc.) coupled into a BX50WI Olympus microscope. Fluorescence was bandpassfiltered (580 -680 nm; Semrock) and detected in epifluorescence mode by a cooled PMT (Hamamatsu photosensor module H7422-40). Maximum laser power was Ϸ150 mW, measured after the objective. Image stacks were acquired with a water-immersion objective (Olympus LUMPlanFl, 40ϫx/0.8 IR) and consisted of 100 -150 optical sections (1,024 ϫ 1,024 pixels; Ϸ0.25-m per pixel; interval 1-3 m). Image stacks were imported into Volocity (Improvision), and collaterals were drawn digitally using built-in functions. Axon collaterals Ͻ2 m were excluded from the analysis. For each collateral, the length at 1 h was subtracted from its initial length, and these numbers were used to further categorize collaterals in five groups. Criteria for categorizing axon and calyx of Held collaterals are provided in SI Materials and Methods.
Slice Electrophysiology and Calcium Imaging. Brain slices were prepared as described in ref. 30 , except that rat pups were between P0 and P4 of age. Some experiments also included the application of an anterograde tracer to label afferent axons (28) . Whole-cell recordings were performed as described in ref. 30 . Details of intracellular solutions and drugs are given in SI Materials and Methods. Calyces of Held in brainstem slices containing the MNTB were loaded with the calcium indicator Oregon green BAPTA-1 (OGB-1, 100 M) via the patch pipette and imaged with two-photon excitation at 800 nm. Four presynaptic action potentials at 10-ms intervals were elicited with depolarizing current injections of 100 -300 pA. Line scans along a curved line drawn on the image, passing through one or more collaterals and part of the calyx, were made continuously at 0.125-0.25-m per pixel at a pixel dwell time of 2 s. In addition, to correlate morphology and calcium transients, a z-stack was collected.
